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Chapter 17

LARGE BASIN RUNOFF MODEL

Thomas E. Croley II

Great Lakes Environmental Research Laboratory
Ann Arbor, Michigan

ABSTRACT

Large-scale watershed models are required to estimate basin runoff to
the Great Lakes and other large-basin applications for use in long-term
routing determinations, water resource operation decisions, operational
hydrology studies, and long-term forecasting. Data availability over
large areas, large-basin applicability, computation requirements, and
model application costs often preclude the use of detailed watershed
models, designed for small scales, for large-scale applications. An
interdependent tank-cascade model is described that uses a mass
balance coupled with linear reservoir concepts. It is physically based
and uses climatological considerations not possible for small
watersheds; analytical solutions are employed to bypass numerical
inaccuracies. Snowmelt and net supply computations are separable
from the mass balance determinations and are based on simple degree-
day empiricism. Partial area concepts are used to determine infiltration
and surface runoff. Losses are determined from joint consideration of
available energy for actual and potential evapotranspiration and of
available moisture in the soil horizons by using climatological
concepts. Heuristic calibration procedures are described that give
insight into the use of the model. The model is applied in example
watersheds and it and its calibration are evaluated. Source code,
executable programs, and all examples are available in appendices and
over the World Wide Web.
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17.1. INTRODUCTION

Agencies concerned with managing the water resources of large
watersheds, particularly over large time intervals, must be able to assess
the expected hydrology of the area. Large-scale watershed models are
required for the Laurentian Great Lakes for a variety of purposes and the
Great Lakes Environmental Research Laboratory (GLERL) built an
appropriate model of large basin runoff. The model was designed as a
continuous-time flow representation for assessing water resource
questions over the long term (as opposed to, say, flood prediction over
the short term). The model must have limited-data requirements,
mandated by the limited data availability for large areas such as the
Great Lake basins. Allowable data inputs are limited to daily
precipitation and air temperature. Also allowed are any data that can be
abstracted easily from available maps or climatic summaries. It is also
desired that the model concepts be physically based, so that
understanding of watershed response to natural forces is facilitated, and
the model is economical to use. (The model is applied to 121 basins in
the Great Lakes area and the integrated response used in simulation
studies and in forecasting of water levels on the lakes.)

During the initial phases of work on the Large Basin Runoff Model
(for use in Great Lakes applications), two existing physically-based
conceptual models (cascades of storage "tanks") were evaluated for
simulating the detailed hydrologic response of individual watersheds.
The U.S. Corps of Engineer's Streamflow Synthesis and Reservoir
Regulation model (SSARR) and the National Weather Service
Hydrologic model (NWSH) were evaluated in terms of reproducing
volumes of runoff from the Genesee River Basin in New York State
(Potok, 1980). The SSARR model was then used to simulate runoff
from the southeast Lake Michigan basin (Derecki and Potok, 1979).
These models, particularly the SSARR model, showed potential for use
in simulating or forecasting runoff into the Great Lakes. However, they
require many parameter determinations, which hinders their physical
relevance and makes them expensive to fit. They require too much data
in an area where only daily precipitation and temperature are available
over large areas. They are expensive to use and therefore their
effectiveness depends upon the ability to group watersheds of similar
hydrologic characteristics into a single regional "equivalent" watershed.

~ir~~lfIJI ~~affliCaUOnofsuch,umred-rarametermodelstovel
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large areas must necessarily fail to represent areal distributions of
watershed and meteorological characteristics.

This chapter presents an interdependent "tank cascade" model that
has been tested on the watersheds of the Great Lakes. It was developed
from large-scale (climatological) concepts and designed for weekly or
monthly volumes of runoff. The model consists of water and heat
balances, as do other water-budgeting models, but with alternative
physical interpretations given to its components. The model is
physically based and uses climatological considerations not possible
with small watersheds. In particular, evapotranspiration losses for large
areas may now be considered as a function of readily available data.
Analytical solutions are presented in favor of numerical solutions to by
pass associated numerical error. The calibration procedure developed
for use of this model is given, along with an illustration of its use, and
evaluated. Program code and executables and all examples are available
in appendices on this book's accompanying compact disc and also over
the World Wide Web at:

http://www.glerl.noaa.gov/wr/lbrmexamples.html.

17.2. TANK CASCADE MODELS

The mass balance on a watershed is shown in Fig. 17.1 (Croley, 1983a);
as shown there, precipitation enters the snow pack, if present, and is
then available as snowmelt depending mainly on air temperature and
solar radiation.

Snowmelt and rainfall partly infiltrate into the soil and partly run off
directly to rivers, depending upon the moisture content of the soil.
Infiltration is high if the soil is dry, and surface runoff is high if the soil
is saturated.

Soil moisture evaporates or is transpired by vegetation depending
upon the types of vegetation, the season, solar radiation, air temperature,
humidity, and wind speed. The remainder percolates into deeper basin
storages that feed the rivers and lakes through interflows and
groundwater flows. Generally, these river supplies are high if the soil
and groundwater storages are large. Because of this buffering effect of
the large snow pack and the large soil, groundwater, and surface
storages, runoff from rivers can remain high for many weeks or even
months after high precipitation has stopped.
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Fig. 17.1. Watershed component tank cascade mass balance.

There are many conceptual models of watershed hydrology that use
the "tank cascade" concept, wherein one component of the watershed
drains into other components. The Stanford Watershed Model
(Crawford and Linsley, 1966) and its many derivatives (including the
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developments, relationships between various components in the
watershed (e.g., surface storage, interception storage, upper and lower
soil zones, groundwater storage, and channel storage) are described with
classical equations of evaporation, infiltration, and inter-tank flows.
Solution of these equations often proceeds numerically with accounting-
type calculations. Many variations on the tank cascade concept are
included to simulate nuances observed in nature. For example,
sometimes minimum storage volumes must be filled in various tanks
before any inter-tank flows are allowed; this corresponds to satisfaction
of interception and surface depression storage, and of groundwater and
soil zone storages above which runoff can occur. Other nuances pertain
to satisfaction of evaporation before infiltration and similar flows are
allowed. While these variations allow better matching of peak flow
rates, they introduce complexities that prohibit analytical solutions,
requiring instead that numerical solutions proceed in small time steps.
These variations appear unnecessary for volumetric determinations over
large time periods (as opposed to finding peak flow rates), and they
introduce many parameters to be determined in model calibration. It is
difficult to use these models in practical applications because of their
extensive data or calibration/optimization requirements, which can
become excessive for applications over large areas like the Great Lakes
basins.

The tank cascade concept has also been applied in a series of models
to determine total runoff hydrographs from very limited data (Edson,
1951; Kalinin and Miljukov, 1958;Nash, 1959, 1960; WMO, 1975). In
these applications, many variations to the concept, mentioned above, are
not included so that the solution is analytically tractable. They are useful
for determining runoff hydrographs; monthly runoff estimates are
possible also, presupposing that adequate data are available for
determining snowmelt and evapotranspiration. The absence of
constraints on tank interflow allows efficient parameter estimation
techniques to be employed in some practical applications (Tingsanchali
and Loria, 1981).

17.3. DESCRIPTION OF RUNOFF MODEL

In light of the requirements for the large watershed model, where
weekly or monthly runoff volumes from -large areas are required, the
GLERL Large Basin Runoff Model (LBRM) was defined as an

721



17 / T.E. CroleyII

interdependent tank-cascade model by using physical concepts
corresponding to Fig. 17.1 (Croley, 1983a, b). The main mathematical
feature of this arrangement is that it may be described by strictly
continuous equations; none of the complexities associated with inter-
tank flow rate dependence on partial filling are introduced. For a
sufficiently large watershed, these nuances are not observed due to the
spatial integration of the rainfall, snowmelt, and evapotranspiration
processes. Since the solution is analytically tractable, large time steps
may be employed without introducing numerical error or excessive
computational requirements. The integration of data inputs over large
time steps may introduce errors that can only be assessed by example
applications in the selection of the appropriate time step. However, for
large watershed areas, there is some temporal integration of inputs that
may make the approximation of uniform inputs over each time interval
inconsequential.

In Fig. 17.1, daily precipitation, temperature, and insolation (the
latter available from meteorological summaries as a function of
location) may be used to determine snowpack accumulations and net
supply. The net supply is divided into surface runoff and infiltration to
the upper soil zone in relation to the upper soil zone moisture content
(U). Percolation to the lower soil zone and evapotranspiration are also
dependent on U. Likewise, interflow from the lower soil zone to the
surface, evapotranspiration, and deep percolation to the groundwater
zone depend on the lower soil zone moisture content (L). Groundwater
flow and evapotranspiration from the groundwater zone depend on the
groundwater zone moisture content (G). Finally, basin outflow and
evaporation from the surface storage (8) depend on its content.
Additionally, evaporation and evapotranspiration are dependent on
potential evapotranspiration as determined by joint consideration of the
available moisture and the heat balance over the watershed.

The upper soil zone is the void space in the surface soil layer to a
depth that can be considered to control infiltration, usually a few
centimeters. The lower soil zone is located beneath the upper soil zone
and above the water table. The groundwater zone is located beneath the
water table. These definitions are inexact since the water table fluctuates
in time, implying that these zones are not static. Likewise, all moisture
in these zones may not be involved in basin outflow. For example,
moisture beneath the water table is part of the groundwater zone only if
it is part of the flow toward the stream channel network on the

n!~[]~[~Jmf~~~.~~l~W~ I~~! ~m fmilll~~ w~l~m~~~~~
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groundwater movement is not considered part of this groundwater zone.
(No provision is made for water flowing in or out of the watershed as
groundwater.) While the location and extent of these zones may be
poorly defined, conceptually they are zones that give rise to flow rates
as pictured in Fig. 17.1.

A more classical approach to watershed hydrology with a tank
cascade model would eliminate the surface storage "tank" in Fig. 17.1.
The summation of surface runoff, interflow, and groundwater would
then constitute basin outflow. This is the concept used in hydrograph
separation techniques, such as that given by Barnes (1940) where each
component of outflow recession is defined as coming from its respective
storage. The schematic of Fig. 17.1 is more appealing since outflow
components enter into the channel network before appearing at the basin
outflow point.

17.3.1. Net Supply

Precipitation falling onto the watershed surface and snowmelt constitute
the net supply to the watershed. Interception can be considered as part
of evapotranspiration and surface depression storage is too transient for
consideration since peak flow rates are not of interest. Both are well
within the error of measurement for average areal precipitation and are
neglected.

Snow accumulation is governed by the concept that precipitation
under warm air temperatures occurs as rainfall and under cold
temperatures as snow or ice, which accumulates in the snow pack. Snow
accumulation is thus governed by the following concept:

d
lj-P=-m

dt '
T>O

(17.1)
=p, T'.5.0

where t = time (d), P = equivalent water volume present in the snow
pack (m3), m = snowmelt rate (m3d-I),p = precipitation rate (m3d-I), and
T = air temperature eC). Daily air temperature is estimated typically as
the average of daily maximum and minimum temperatures. The
simplification of allowing melt only during above-zero air temperatures
appeared realistic in example comparisons for volumetric
determinations over the week or month (Croley, 1982a). Ignoring
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evaporation from, and condensation to, the snow pack is justified by the
limited data requirements for which the model is designed. The net
supply rate is then given as

s= p+ m,

= 0,

T>O

T:::;O
(17.2)

where s = net supply rate (m3d-l). Snowmelt is determined from the
simple concept that there are no heat additions from which melt could
later occur during periods of sub-zero air temperatures. For periods of
above-zero air temperatures, snowmelt results from absorbed insolation
and precipitation. However, it is constrained by the available snow pack,

m = mp' mpd:::;Po,

= Po/d, mpd> Po

where mp = daily potential snowmelt rate (m3d-l)andthe zero subscript
on snow pack refers to its initial value at the beginning of the day (at
time zero). It is given as:

m =0p ,
= ah,

(17.3)

T:::;0,

T>O
(17.4)

where a = proportionality constant for snowmelt R.erdegree-day (m3
°el d-l]) and h = degree-days per day (OCd d- ), computed as the
integral of air temperature with time over those portions of the day
when it is positive. Since the fluctuation of air temperature during the
diurnal cycle is unknown, a triangular distribution is assumed (to
approximate an expected sinusoidal variation) for ease of computation.
The resulting expression for degree-days is:

h= 0,

= ~ax/(~ax - Tmin)/2,
=T,

Tmax:::;0,

Tmin< 0 < ~ax'

0:::; ~in

(17.5)

where Tmax= maximum daily air temperature (OC)and Tmin= minimum
daily air temperature (OC).[Note that snowpack heat storage (warming

andcooUng~areneglectedin ~qs.li ,.~~ -ll 'J~l
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17.3.2. Infiltration

At any instant, the net supply rate is divided between surface runoff and
infiltration. Surface runoff is proportional to the relative size of the
contributing "wetted" area of the watershed (partial-area concept), as
well as to the net supply rate

A
r = s lf.

A (17.6)

/= s-r (17.7)

where r = surface runoff rate (m3d-I),Aw = area of wetted contributing
watershed portion (m2), A = area of the watershed (m2), and f =
infiltration rate (m3d-I).By further approximating the relative size of the
contributing area as the relative content of the upper soil zone (a good
assumption for a very thin zone), areal infiltration becomes

/= {1- ~) (17.8)

where U = volume of water in the upper soil zone (m3)and C = capacity
of the upper soil zone (m3). Equation (17.8) may be interpreted as
indicating that infiltration is proportional to the volume remaining in the
upper soil zone. This is the basis for Horton's infiltration-capacity
relationship at a point (Croley, 1977, pp. 168-170), although Horton's
model uses volume remaining beneath the point (small area), not over a
large area. Equation (17.8) also indicates that infiltration is proportional
to the net supply rate. This is an areal concept for infiltration that has
been empirically verified (Kumar, 1980); it does not work for
infiltration at a point, which is better described by infiltration-capacity
concepts.

17.3.3. Tank Outflows

Since hydrograph recessions are described successfully by exponential
decay relationships (Linsley, Kohler, and Paulhus, 1975, pp. 225-229),
the linear reservoir concept is deemed appropriate for describing
outflow rates from the various storages within the watershed. The
concept describes an outflow rate as proportional to the storage
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remaining. It is expanded here to describe basin outflow, percolation,
and deep percolation, as well as the traditional descriptions of interflow
and groundwater flow. The form of the equation is

z=aZ (17.9)

where z = outflow rate from a storage (m3d-1),a = linear resefY.oir
constant (d-1),and Z = volume of water in storage (m3).In Eq. (17.9) Z
is U and a is ap for z equal to percolation; Z is L and a is aj or ad for z
equal to interflow or deep percolation, respectively; Z is G and a is ag
for z equal to groundwater flow; and Z is S and a is as for z equal to
basin outflow. Small parameter values for a tank outflow imply small
releases and large storage volumes; large values imply small storages
and outflows nearly equal to inflows. The half-life of a tank storage with
regard to a specified outflow is defined as the time required for the
storage volume to drop to half its initial value in the absence of tank
inflows and other outflows. Note, continuity on a tank with no inflows
and no other outflows becomes

dZ

dt = -z
(17.10)

By substituting Eq. (17.9) into Eq. (17.10) and solving,

~ = 2(,e-al (17.11)

where the subscript denotes time. Substituting ~ = (1/2)Zo into Eq.
(17.11) yields the half-life:

In2

th=~
(17.12)

where th= half-life (d). This is an alternate way of expressing the linear
reservoir coefficient that allows easier interpretation of coefficient
values.

The linear reservoir concept is modified when considering
evaporation or evapotranspiration (evaporation plus transpiration) from
any zone of the watershed.
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e =~Z ep (17.13)

where e = evaporation or evapotranspiration rate (m3d-I), ~= partial
linear reservoir constant (m-3), and ep = rate of evaporation or
evapotranspiration, respectively, still possible (m3d-I). In Eq. (17.13),
evaporation or evapotranspiration is taken as proportional both to the
potential rate, determined from heat balance considerations over the
watershed, and to the available water volume (reflecting both areal
coverage and extent of supply). This is in agreement with existing
climatological and hydrological concepts for evapotranspiration
opportunity. In Eq. (17.13), Z is U and ~ is ~u for e equal to upper
zone evapotranspiration, Z is L and ~is ~€ for e equal to lower zone
evapotranspiration, Z is G and ~is ~g for e equal to groundwater zone
evapotranspiration, and Z is S and ~is ~s for e equal to surface zone
evaporation.

17.3.4. Mass Balance

By combining Eqs. (17.8), (17.9), and (17.13) with the definitions given
above, the one-dimensional mass continuity equation may be written for
each zone of the watershed (tank). (See Fig. 17.1.)

d u= 11- U
) _a U-~ e U

dt J~ C P 1IP
(17.14)

d
-L=a U-aJ-a 1_~ e r
dt p ~ ~ £y-

(17.15)

d

dt G= a/-- agG- ~gepG
(17.16)

d U
-s= s-+a;L+a G-a~-~ p Sf
dt C g S-p'"'

(17.17)

In each case, mass continuity yields a first-order linear differential
equation of the general form

dZ + (L a)Z dt =g(t)dt (17.18)
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where (I. a) = sum of linear reservoir constants on storage for all
outflows for the tank and g(t) = sum of time-dependent inflows into the
storage. The general solution may be obtained from standard procedures
(Rainville, 1964,pp. 36-39)

~ = e-(La)/[20+ J~g(u)JLa)uaU] (17.19)

where the subscript is time. Since data on precipitation and temperature
are available only in time increments of a day or larger, the solutions to
Eqs. (17.13)- (17.17) are given here by assuming that the net supply
and potential evapotranspiration are distributed uniformly over the time
increment. Storage values at the end of the time increment are computed
from values at the beginning. In the analytical solution, results from one
storage zone are used in other zones where their outputs appear as
inputs. There are several different solutions, depending upon the relative
magnitudes of all coefficients in Eqs. (17.14) - (17.17). As an example,
the equations are solved for the daily time increment (0 < t < d)

Ud =
(
Uo - ~

J
e-(PBd + ~

<1>B <1>B

(17.20)

Ld =
(
4 - <1>A - <1>C

J
e-(PDd + <1>A e-(PBd + <1>c

<1>D- <1>B <1>D <1>D- <1>B <1>D

(17.21)

Gd =
(

Go - <1>£ - <1>F - <1>O
J

e-(PHd

<1>H-<1>D <1>H-<1>B <1>H

+ <1>£ e-(PD d + <1>F e-(PB d + <1>0

<1>H-<1>D <1>H-<1>B <1>H

(17.22)

Sd=
(

So - <1>L <1>M <1># - <1>O
J

e-(Ppd
<1>P-<1>H <1>P-<1>D <1>P-<1>B <1>p

~ e-(PH d + <1>M e-(P D d + <1># e-(P B d + <1>0

~-~ ~-~ ~-~ ~
(17.23)

+
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s

<l>B= C + ap + ~lIep

(

S

)
l/,--

<l>A=ap 0 <l>B

s

<l>C=ap<l>B

<l>D= ai + ad+ ~fep

( <I>A <l>C

)<I>£=a~LO- <l>D-<I>B- <l>D

ad

<l>F=<I>D-<I>B<I>A

<l>c

<1>0 = ad <l>D

<l>H=ag+~gep

<l>L= a
(

cro - <1>£ - <l>F _ <1>0

)g <l>H-<I>D <l>H-<I>B <l>H

ag a.
<l>u= <I>£+-L<I>£

<l>H-<I>D ad

a a '"'" = g '" + ~'" S't'A
't'N '" 't'F 't'F+--

't'H-<I>B ad Ca p
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"'
0 = a $0 + ai '" s $C

'I' g '1'0+--
$H ad Ca p

(17.35)

$p=as+~/p (17.36)

The subscripts 0 and d on the storage volumes represent the beginning
and the end of the day, respectively. This solution applies for the case
where $D::/: $0' $H::/: $D' $H::/: $0' $p::/: $H' $p::/: $D' $p::/: $0'
$0 ::/:0, $D ::/:0, $H ::/:0, $p ::/:0, C::/:0, a -:;:.0, and ad::/:O. As
long as a p' ai' a g' as' and C are non-zeros, then there are 30 possible
analytical results, depending upon the values of $0' $D' $H' $p, and
ad: 15 for ad = 0 and 15 for ad::/:O. (See Fig. 17.2.) Since these
quantities ($0' $D' $H' and $p) involve the variables sand ep, which
change from day to day, then the appropriate analytical result, as well as
its solution, varies with time. Mathematical continuity between
solutions is preserved however. These results are summarized elsewhere
(Croley, 1982a). A watershed model must have all solution possibilities
present for effective implementation.

The flow volumes over any time increment may then be determined
directly since outflow volumes are related by their ratio of linear
reservoir coefficients.

I/;; = It's dt = s d

v,. = (I/;;+ Uo- ud)~~
C$o

(17.37)

(17.38)

1f=1/;;-v,. (17.39)

~ = (I/;;+ Uo - Ud) a p
$0

( )
~lIep

Ell = I/;; + Uo - Ud -
$0

(17.40)

(17.41)

If = (~ + Lo- Ld) ai

'n
(17.42)
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-(t/Jp = t/JD)-(t/Jp = t/JB)-15
t/JI'= t/JH

~(t/JH = t/Jn) <t/J,> "*t/JH-(t/Jp"* t/JD)-(t/JP"* t/Jn)-14t/JH=t/JD

/;.
.--(t/JI' "* t/JD)-(t/Jp "* t/JB)-13

t/JH "* t/JD t/Jp =t/JH

"-(t/JH "*t/JB)< '" _ '" -(t/Jp =t/JB)-12
t/J,>"* 'f'H---<t/Jp - '1'0

,po =,pH ,pp ,. ,po _(,pp ,. ,pH)-11

t/JD"* t/JB / (,pH,.,p. )<,pp =,pH-(,pp -,pO )-(,pp ,.,pH)."

,p _ ,pp,. ,pHH _ t/Jf) --
('" '" - 9

'1'1'"* t/JD) < '1'1'= t/JB
t/JI' "* t/JB

... 8

.--(t/JI' "*t/JO)-(t/Jp =t/Jn). 7
t/JI'=t/JH

~ -(t/Jp "*t/Jn). 6
t/J "*t/J ./ -t/JI' "* t/JH t/Jp =t/JD

H '\..) =t/Jn -<t/J" "*t/Jf)-(t/JI' "* t/JB)' 5

~ ~(t/JP"*t/Jf»)-(t/JP"*t/JB). 4
t/JH "* t/Jn t/Jp =t/JH

X --(t/JP"*t/JB).3
t/JI' "* t/JH t/Jp =t/JO

""'< _2
t/Jp"* t/JD t/JI'= t/JB"""'<

t/Jp"*t/JB_ 1

Fig. 17.2. Analytical solution possibilities.
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~= (~+Lo-Ld)ad
<1>D

(17.43)

Eg = (~+ Lo - Ld) ~£ep
<1>D

(17.44)

~ = (~+ Go- Gd) ag
<1>H

(17.45)

Eg = (~+ Go- Gd)~gep
<1>H

(17.46)

_ ( )as
~ - v,. + If + ~ + So - Sd -

<1>p

(17.47)

Es = (v,. + If + V + £0 - S )~/p

g d <1>p
(17.48)

where v,. = daily surface runoff volume (m3), P; = daily net supply

volume(m\ l/ = dailyinfiltrationvolume(m\ ~ = dailypercolation
volume (m3), Ell = daily upper soil zone evapotranspiration volume
(m\ ~ = daily interflow volume (m\ ~ = daily deep percolation
volume (m\ ~ = daily lower soil zone evapotranspiration volume

(m3), r; = daily groundwater flow volume (m3), Eg = daily
groundwater zone evapotranspiration volume (m3), ~ = daily basin
outflow volume (m3), and E.r = daily surface zone evaporation volume
(m3).

Given all coefficients, starting values of storage in each of the
component zones, net supply rate, and potential evapotranspiration rate,
the values of ( <1>B' <1>D' <1>H' and <1>p) can be computed from Eqs. (17.24),
(17.27), (17.31), and (17.36), respectively. Based upon their values, the
appropriate analytical results [Eqs. (17.25), (17.26), (17.28) - (17.30),
and Eqs. (17.32) - (17.35)] are used to compute the remaining
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intermediate values. The appropriate analytical solution [e.g., Eqs.
(17.20) - (17.23) for <I>B' <I>D' <I>H' and <I>p all different and non-zero and

a p ;:j:.u] is then used to compute the end-of-day storage values (which
become the beginning-of-day values for the next day). Finally, daily
flowvolumescanbe obtainedfromEqs.(17.37)- (17.48).

The analyticalsolutionsof Eqs. (17.14)- (17.17) are "continuous";
that is they are amenable to ordinary solution techniques. Furthermore,
solutions may proceed for either flow rates or storage volumes directly
without the complication of constraint consideration. All derivatives of
the solutions with respect to individual parameters exist and are
continuous; therefore, analytical gradient-search procedures are possible
in parameter determination. The solutions are physically satisfying; non-
negative flow rates and storage volumes are guaranteed with any
physically plausible set of inputs. The solution equations are unchanged
for other time increments; the daily time interval, d, would be simply
replaced in the equations. The net supply and potential
evapotranspiration are considered to be uniform over the time interval
and the choice of time interval must assess the validity of this treatment.

17.3.5. Evapotranspiration

All incoming heat is considered here to be released by the watershed
surface by ignoring heat storage and the energy advected by
evaporation. The release consists of atmospheric heating (composed of
short-wave reflection, net long wave exchange, sensible heat exchange,
net atmospheric advection, and net hydrospheric advection), snowmelt
and evaporation-evapotranspiration (referred to herein jointly as
evapotranspiration). At any instant, the evapotranspiration rate is
proportional to the amount of water available as in Eq. (17.13)
(reflecting both areal coverage and extent of supply), and to the rate of
non-latent heat released to the atmosphere (atmospheric heating),
dH/dt (Croley, 1982b):

dH ~

ep = dt /(Pw'YJ (17.49)

where 'Yv = latent heat of vaporization (596 - 0.52 T cal g-l) and Pw=
density of water (106 g m-3). Potential evaporation is the evaporation
that would occur if adequate moisture were available. It is often taken as
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the amount expected from an open water surface and is used as an
estimate of potential evapotranspiration over land and vegetative
surfaces (Gray, 1973,pp. 339-353). Very often, engineering calculations
of potential evapotranspiration use climatic indicators of temperatures,
wind speeds, humidities, etc., by assuming that these quantities are
independent of the actual evapotranspiration that does occur. This is
adequate for estimates over small areas where evapotranspiration has
only a small effect on these quantities. However, over a large area,
climatological observations suggest that actual evapotranspiration
affects these quantities and hence affects potential evapotranspiration
(evapotranspiration opportunity or capacity); the heat used for
evapotranspiration reduces the opportunity for additional
evapotranspiration (complementary evapotranspiration and
evapotranspiration opportunity concept). Morton (1965) made use of
this concept to compute regional evapotranspiration from climatological
observations. Witherspoon (1970) used an approximation of Morton's
work to compute basin evapotranspiration in a volumetric flow model
for Lake Ontario. Bouchet (1963) postulated that the potential
evapotranspiration energy is the absorbed insolation less the energy
used for regional evapotranspiration.

This concept is modified here for use on a smaller-than-regional
scale by considering that a portion of the net heat balance after absorbed
insolation is available for either potential or actual evapotranspiration.
That is, part of it is used in evapotranspiration and the rest of it
determines the potential evapotranspiration. Thus, the total heat
available for evapotranspiration over a day is composed of the heat
actually used for evapotranspiration and that used for atmospheric
heating.

\f = H + p w'Yv(Eu + E£ + Eg + ..s) (17.50)

where \f = total heat available for evapotranspiration during the day
(cal) and H = non-latent heat released to the atmosphere during the day
(cal). The value of ep is determined by simultaneous solution of Eqs.
(17.14) - (17.17) and the following complementary relationship
between actual evapotranspiration and that still possible from
atmospheric heat, derived from Eq. (17.49) and Eq. (17.50):
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f;[ep + (~yU+ ~RL+ ~gG+ ~~)ep]dt = 'F/(PwYJ (17.51)

The evaporation from stream channels and other water surfaces (surface
zone) in a large basin is very small compared to the basin
evapotranspiration; groundwater evapotranspiration is also taken here as
being relatively small. By taking ep as uniform over the day and
ignoring evapotranspiration from the surface and groundwater zones,
Eq. (17.51) yields:

1 'P

ep == d P w'Yv 1 + ~yU + ~RL
(17.52)

where U = average water volume in the upper soil zone (m3) over the
day and Z = average water volume in the lower soil zone over the day
(m3). As expected, both potential and actual evapotranspiration depend
upon the available water supply. If the water supply is large, actual
evapotranspiration approaches the limit of the water supply or 'f'/ pw 'Yv

and potential evapotranspiration approaches zero. If the water supply is
small, actual evapotranspiration approaches zero and potential
evapotranspiration approaches 'f'/Pw 'Yv (Croley, 1982b). The average
storages can be computed from the mass balance equations as

- 1 <1>A (
_'"

d)
<1> cU=--l-e'l'B +-

dap <1>B ap
(17.53)

- 1 <1>E (
_'"

d)
1 <1>F

(
_'"

d)
<1> GL=--l-e'l'D +--l-e'l'B +-

dad <1>D dad <1>B ad
(17.54)

This solution applies for the case <1>D "# <1>D' C"# 0, a p '1=u, and
ad "# O. As long as C and a p are non-zero, then for either <I>D = <1>D or
ad = 0 or both, alternative expressions result (Croley, 1982a). Since ep
is involved in the intermediate variables <1>D and <1>D' an iterative solution

is used to determine ep each day in the mass balance if 'P is known.
The determination of 'P from observable meteorological variables is

difficult (recall the limitation to daily precipitation and air temperature).
During times of snow cover, ep is zero with respect to the upper and
lower soil zones. Recall, during times of no snow cover, the remainder
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of the heat balance on the watershed surface after absorbed insolation
consists of short-wave reflection, net long-wave radiation exchange,
sensible heat transfer, net hydrospheric and atmospheric advection,
latent heat transfer, and energy advected by evaporation. Also recall
energy advected by evapotranspiration is small compared to latent heat
transfer and is neglected in Eq. (17.51).

Daily air temperature is taken here as an integrated reflection of the
portion '¥ of the remaining heat balance after absorbed insolation. This
concept is satisfying in that air temperature is considered an indicator of
the heat balance, rather than an independent variable in the
determination of potential evaporation as is done classically. At low
temperatures, it is expected that '¥ is small since potential and actual
evapotranspiration are low at low temperatures. Over the daily cycle,
this energy is rarely negative (net condensation) and is considered here
as strictly positive. The heat available for evapotranspiration is
estimated empirically from the average air temperature as follows:

'¥ = kexp(r/ lb) (17.55)

where k = units and proportionality constant (cal), and ~ = a base
scaling temperature (DC).[Other empiricisms were eliminated in other
studies (Croley, 1982a).] The constant, k, is determinable from the
following boundary constraint on the long-term heat balance:

L '¥i = L ((j i - mlJw'Y.f)d (17.56)

where (j = daily solar insolation at the watershed surface (cal d-1), 'Y/. =
latent heat of fusion (79.7 cal g-l), and the subscript, i, refers to daily
values. Equation (17.56) conserves energy in that all insolation not used
for snowmelt appears sooner or later as other components of the heat
balance that determine '¥. Daily insolation at the surface of the
watershed may be estimated from extraterrestrial radiation and cloud
cover:

(j = lOOOOA1:( q + ~x) (17.57)

where 1:= daily extra-terrestrial solar radiation (langleys d-1)available
in standard climatological summaries as a function of latitude and time

JLycar,1 J L~pmca co~~js,J x=LyJJL~
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of bright sunshine to maximum possible hours of bright sunshine,
estimated from daily air temperatures (Gray, 1973). In the absence of
cloud cover data, x may be estimated (Crawford and Linsley, 1966, p.
50) from

x = MlN[(~ax - Tmin)/15, 1.0] (17.58)

There were several alternatives to the "heat balance" used here to
compute snowmelt and evapotranspiration. These were considered early
in the model development, but were impeded by the limited-data design
objectives. Comprehensive heat balances that considered all advection
terms through control volumes defined over the upper soil zone or upper
and lower soil zones were written in the early modeling. Net long-wave
radiation transfer and sensible heat transfer were estimated directly by
using empirical relations. These relations required unavailable data,
which were estimated based on engineering judgment. Freezing of the
upper soil zone, snowpack and ice formation and decay, and Penmann's
potential evapotranspiration were all computed as part of these
comprehensive heat balances. The net supply and evapotranspiration
models presented here resulted in a two-fold improvement in modeling
over these earlier efforts (Croley, 1982a), as measured by the root mean
square error of model output (basin outflow). Presumably, these models
are superior because of their limited data requirements. Also, the use of
air temperatures as an indicator of what has occurred in the watershed is
superior to its use as an independent variable in computing potential
evapotranspiration and net supply. This change in perspective is
fundamental to modeling large-scale watershed hydrology from a
climatological viewpoint.

17.4. APPLICATION

The Great Lakes Environmental Research Laboratory developed,
calibrated, and verified conceptual model-based techniques for
simulating hydrological processes in the Laurentian Great Lakes
(including Georgic:'lnBay and Lake St. Clair, both as separate entities).
GLERL integrated the models into a system to estimate lake levels,
whole-lake heat storage, and water and energy balances for forecasts
and for assessment of impacts associated with climate change (Croley,

737



17 / T.E. CroleyII

1990, 1993a,b; Croley and Hartmann, 1987, 1989; Croley and Lee,
1993; Croley et aI., 1996, 1998; Hartmann, 1990). During the
application process, experience was gained that may benefit others who
would apply the LBRM to large basins.

17.4.1. Data Preparation

Forapplicationofthe LBRMto a verylargedrainagebasin(suchas that
associatedwith a GreatLake),the basinis first dividedintowatersheds
with areas of between 120 -20000 km2 (there are 121 watersheds in the
entire Great Lakes basin); most are between 1000 - 5000 km2. The
following input data are required to apply the model: daily precipitation,
daily minimum and maximum air temperatures, a standard
climatological summary of daily extraterrestrial solar radiation and
empirical constants (q and '2), and for comparison purposes, daily
basin outflows. Conversion of units for precipitation from inches per
day or centimeters per day to cubic meters per day and for insolation
[see Eq. (17.56)] from langleys per day to calories per day involves the
area of the watershed. The meteorological data from stations about and
in a watershed are combined through Thiessen weighting to produce
areally-averaged daily time series of precipitation and minimum and
maximum air temperatures for each watershed. In past determinations of
water supply effects from climate change scenarios (Croley, 1990, 1992,
1993a; Croley and Hartmann, 1989; Hartmann, 1990), GLERL used
about 1,800 meteorological stations for overland precipitation and air
temperature (about 15 per watershed or approximately 1 per 70 km2).
Recent experience (Croley and Hartmann, 1986, 1987; Croley et aI.,
1996, 1998) also suggests that 5-30 stations per watershed for overland
meteorology is sufficient for operation of the LBRM at daily time
intervals. Thiessen weights are determined for each day of record, if
necessary, since the data collection network changes frequently as
stations are added, dropped, and moved or fail to report from time to
time. This is feasible through the use of an algorithm for determining a
Thiessen area-of-influence about a station by its edge (Croley and
Hartmann, 1985). Flow records of all "most-downstream" flow stations
are combined by aggregating and extrapolating for ungaged areas to
estimate the daily runoff from each watershed. Daily basin outflow is
reported in either cubic feet per second or cubic meters per second and
is converted to cubic meters per day. Then, the LBRM may be applied
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in a "distributed-parameter" application by combining model outflows
from each of the watersheds to produce the entire basin runoff.

By combining the meteorological and hydrological data for all
watersheds to represent the entire basin, the LBRM also may be
calibrated in a "lumped-parameter" application to the entire basin at one
time. Although the application of lumped-parameter models to very
large areas necessarily fails to represent areal distributions of watershed
and meteorological characteristics, spatial filtering effects tend to cancel
data errors for small areas as the areas are added together. Distributed-
parameter applications, in which the LBRM is calibrated for each
watershed and model outflows are combined to represent the entire
basin, make use of information that is lost in the lumped-parameter
approach; the integration then filters individual watershed model errors.

There are five variables to be initialized prior to modeling: P, U,
L, G, and S as Po, «>, 4, Go,and ~, respectively. While the initial
snow pack, Po,is easy to determine as zero during major portions of the
year, these variables are generally difficult to estimate. If the model is to
be used in forecasting or for short simulations, then it is important to
determine these variables accurately prior to use of the model. They
may be taken as the values at the end of a previous model run, preceding
the time period of interest, for forecasting uses of the model. If the
model is to be used for calibration or for long simulations, then the
initial values are unimportant. The effect of the initial values diminishes
with the length of the simulation and after 1 or more years of simulated
results, the effects are absent from a practical point of view. Calibrations
should be repeated with initial conditions equal to observed long-term
averages until there is no change in the averages to avoid arbitrary
initial conditions when their effects do not diminish rapidly.

17.4.2. Model Use

There are 30 different analytical results, depending upon the relative
magnitudes of the inputs (s), the initial conditions (<<>,4, Go, ~, Po),
and the model parameters (1;, a, a p' Pu, ai' ad' P f' ag, and a) in
Eqs.(17.14)- (17.17), as noted earlier. Note that C is taken (arbitrarily)
as equivalent to 2 cm over the watershed area. Since a change in C can
be exactly compensated for (in terms of intrabasin flows and
evapotranspiration) by changes in the other parameters, C is set
arbitrarily. However, the magnitude of C affects the magnitudes of all
tank storage volumes and should be determined if boundary conditions
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on soil moisture (or other storage volumes) are available. Note also that
/3gand /3sare taken as zeroes since evaporation from the surface and
evapotranspiration from the groundwater zone are small relative to
evapotranspiration for the upper and lower soil zones; see Fig. 17.3.
Finally, empirical coefficients q and l2 are taken from available
climatological summaries.

GLERL has calibrated the LBRM for each Great Lakes watershed
with 30 years of daily weighted watershed climatologic data. The nine
parameters are determined (Croley and Hartmann, 1984) by searching
the parameter space systematically, minimizing the root mean square
error between model and actual outflows for each parameter, selected in
rotation, until all parameters converge within two or three significant
digits. Comparisons with other runoff models (Croley, 1983a) and
climatology (Croley and Hartmann, 1984) show the LBRM to be
superior for estimates of runoff volumes from large basins.

The LBRM captures "realism" in its structure that has several
advantages over other models. Basin storages, modeled as "tanks," are
automatically removed as respective parameters approach their limits.
Thus, the structure of the model changes within a calibration. This is
achieved without the use of "threshold" parameters in the model since
physical concepts are used which avoid discontinuities in the goodness-
of-fit as a function of the parameters; these concepts appear especially
relevant for large-basin modeling. Because the "tanks" relate directly to
actual basin storages, initialization of the model corresponds to
identifying storages from field conditions which may be measured;
interpretations of a basin's hydrology then can aid in setting both initial
and boundary conditions. The tanks in Figs. 17.1 or 17.3 may be
initialized to correspond to measurements of snow and soil moisture
water equivalents available from aerial or satellite monitoring. Snow
water equivalents are used in Lake Superior applications (Gauthier et
aI., 1984).

17.5. EXAMPLE APPLICATION

The Lake Superior Basin, above the locks at Sault Ste. Marie, drains
about 130,000 km2 of Ontario, Minnesota, Wisconsin, and Michigan. It
is divided into 22 watersheds for use with the LBRM (see Fig. 17.4).
Watershed boundaries are based on state hydrologic unit maps from the
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Fig. 17.3. Watershed component tank cascade mass balance.
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Fig. 17.4. Lake Superior watershed map.

U.S. Geological Survey (USGS) for Michigan, Wisconsin, and
Minnesota, and on drainage basin map overlays from the Water
Resources Branch of the Inland Waters Directorate of Environment
Canada for Ontario. Watersheds not draining directly into Lake Superior
were combined with those into which they drained so that all resulting
watersheds have a direct outlet to the lake.

17.5.1. Meteorological Data

Meteorological data for stations in the United States are from the
National Climatic Data Center, National Environmental Satellite Data
and Information Service, NOAA. Meteorological data for stations in
Canada are from the Canadian Climate Centre, Atmospheric
Environment Service, Environment Canada. For each day of available
data, all meteorological stations with no missing data for that day were
used to compute all Thiessen weights, which in turn were used to weight
available meteorological data to determine daily watershed spatial

avua~e~11ft ~e event~atno!mIiOD!have dRmons ~ivenosre,IDen
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the average value of the weighted data on the corresponding day-of-the-
year for all available years of record was used to fill in. Thus there are
no missing data values (and there must not be) in the meteorological
data files prepared for use with the LBRM and its calibration. A daily
meteorological data set for the entire Lake Superior basin (land area)
was constructed by multiplying each areal-average daily data value from
each watershed by the corresponding watershed area, summing all
weighted values for the entire basin (from all watersheds being used),
and dividing by the sum of the drainage areas actually used. The daily
meteorological data sets are judged to be very complete; areal-averaged
daily air temperatures and precipitation for each watershed are more
than 99-percent complete.

17.5.2. Hydrological Flow Data

All "most-downstream" stream flow gages are used with their drainage
areas as given by the USGS or Inland Waters Directorate, while the total
area in each watershed is based on the state hydrologic unit maps and
drainage basin map overlays, discussed previously. Relative drainage
areas for all flow gages were determined by dividing each gaged area by
the total area of the watershed. All hydrological stations within a given
watershed (non-overlapping drainage areas) whose records contain no
missing data, for each day in question, were used to determine the
watershed outflows into Lake Superior for that day. This aggregation for
each day was accomplished by adding data values from each gage
within the watershed and dividing by the sum of the relative drainage
areas for the gages actually used, to extrapolate for the entire watershed
area. Thus, missing data at a given gage were effectively "filled-in" by
using data at nearby gages within the same watershed. If no gages in a
watershed have data for a given day, then the flow total was set equal to
"-9999" to denote missing data. A daily hydrologic data set for the
entire Lake Superior basin was constructed by adding extrapolated
watershed outflows from each watershed with no missing data for the
day in question and dividing by the ratio of the sum of drainage areas of
each watershed actually used with respect to the entire basin. The daily
hydrological data sets are judged to be very nearly complete; except for
watersheds 9 and 11, for which there are no flow data.
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17.5.3. Insolation

Values of average mid-monthly daily short-wave radiation received on a
horizontal position of the earth's surface under cloudless skies were
taken from Gray (1973; pp. 3.11 - 3.16) and used in the following
formula, also adapted from Gray (1973):

(j = 10000At)0.355 + 0.68x) (17.59)

where 'ts = cloudless daily insolation (langleys d-1) interpolated from
the average mid-monthly values. Equation (17.59) is similar to Eq.
(17.57) where 'ts replaces 't, q = 0.355,andb2= 0.68.

17.5.4. Model Application

The Large Basin Runoff Model is programmed in FORTRAN 95 for
(IBM-compatible) personal computers, suitable for use under either
MSDOS or Windows (95, 98, NT, or 2000). Appendix A, on the book's
companion compact disc for this chapter, contains source code and
executables for both versions of the model (DOS or Windows). (All
material in the appendices on this book's accompanying compact disc
are also available over the WorId Wide Web at
http://www.glerl.noaa.gov/wr/lbrmexamples.html.) Appendices Band C
illustrate the use of the LBRM for watershed outflow simulation.
Appendix B contains example sets of input files (meteorological data,
model parameters, boundary conditions, and input filename list) for
Lake Superior watersheds 1 through 22, excluding numbers 9 and 11
(see Fig. 17.4), and for the entire land portion of the Superior basin
treated as a single watershed. Appendix C contains the corresponding
output files (with end-of-day values for daily runoff, upper soil zone
moisture, lower soil zone moisture, groundwater zone moisture, surface
zone moisture, and snow pack).

No changes in the source code are required for use of the model on
other watersheds. The model is configured dynamically at run time to
use sufficient computer memory (if it is available) to store all input files
before calculating outputs. This allows speedier processing, particularly
during calibration, but requires sufficient memory be available. The file
LBRM.F95 in Appendix A, contains the model code; it also contains
complete documentation on all input and output files of the model as

w~ll ~~Mm~tl~'t~~i~~fm~tt~~~.I~ ll~~m~ rn~~~l, m~~~ mur m~~ [mill
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Appendix B (e.g., CLMASC01.SUP, PARAM01.SUP,
BNDCNDXX.SUP, and LBRM.CFG) and either the DOS-executable or
the Windows-executable files of Appendix A into an application
directory together. Under either MSDOS or Windows, execute the
model code. It first opens and reads the file, LBRM.CFG, to input the
filenames it is to use for its input and output files (the above files must
be named therein). Then it reads the data, boundary/initial conditions,
and parameters files and writes the output file (also named in
LBRM.CFG). The example files provided in Appendices Band Care
internally documented. The modeled watershed outflow and the
measured flow are presented for comparison in both Figs. 17.5 and 17.6.
They represent combined model and measured values for all Lake
Superior watersheds. The 20 output files in Appendix C
(OUTPUT01.SUP ... OUTPUT22.SUP) are combined through the use
of program "AggregateModeIResults.F95," also found in Appendix C,
into file OUTPUTDM.SUP.
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Fig. 17.5. Weekly Total LBRM Lake Superior Basin Runoff.
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Fig. 17.6. Monthly Total LBRM Lake Superior Basin Runoff.

17.6. CALIBRATION

The Large Basin Runoff Model was applied to the 21 complete daily
data sets described in Table 17.1 for the Lake Superior basin. This
section describes the calibration procedure used (including use of
materials available on the book's companion compact disc) and presents
the calibrated parameter values for all applications. The parameter
values are then interpreted with regard to model sensitivity, simpler
model structures they suggest, physical meaning, and basin
characteristics. Next, model behavior is interpreted in detail for the
entire Lake Superior basin; each segment of the model structure is
considered individually. Finally, problems inherent in the calibration
procedure are discussed and improvements are suggested.
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Table 17.1. Lake Superior watershed flow data availability.

aA gage was added on this date.
bLumped application over all Lake Superior land area.

747

Sub- Basin Data Data Model Calibrate Calibrate
Basin Area First Last Start Start End

(km2) Date Date Date Date Date
(dimly) (dimly) (dimly) (dimly) (dimly)

(1) (2) (3) (4) (5) (6) (7)

1 9,707 1/1/48 31/12/95 1/1/48 1/1/50 31/12/95
2 4,943 1/1/42 30/9/97 1/1/48 1/10/733 31/12/95
3 3,427 31/7/14 30/9/97 1/1/48 1/1/50 31/12/95
4 2,655 1/3/45 20/10/82 1/1/48 1/1/50 20/10/82
5 3,582 1/6/42 30/9/97 1/1/48 1/1/50 31/12/95
6 2,854 1/10/66 30/9/97 1/1/48 1/10/66 31/12/95
7 1,786 1/2/32 30/9/97 1/1/48 1/1/50 31/12/95
8 2,438 1/7/61 30/11/86 1/1/48 1/7/61 30/11/86
9 3,109 - -

10 2,130 7/8/53 30/9/97 1/1/48 7/8/53 31/12/95
11 864 - -
12 5,064 24/10/67 31/12/95 1/1/48 24/10/67 31/12/95
13 5,695 1/10/35 31/12/95 1/1/48 1/1/50 31/12/95
14 9,832 16/7/20 31/12/95 1/1/48 1/1/50 31/12/95
15 7,901 1/10/59 31/12/95 1/1/48 1/10/59 31/12/95
16 6,874 6/2/70 31/12/95 1/1/48 6/2/70 31/12/95
17 5,226 1/1/70 31/12/95 1/1/48 1/1/70 31/12/95
18 1,839 9/10/74 12/10/94 1/1/48 9/10/74 12/10/94
19 25,258 23/5/50 31/12/94 1/1/48 23/5/50 31/12/94
20 5,858 1/1/71 31/12/95 1/1/48 1/1/71 31/12/95
21 8,837 21/4/26 31/12/95 1/1/48 1/1/50 31/12/95
22 8,205 1/6/21 30/9/97 1/1/48 1/1/50 30/9/97
Lb 128,084 1/1/48 1/1/50 31/12/95
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17.6.1. Calibration Procedures

Parameters are determined by a systematic search of the parameter
space to minimize the root-mean-squared-error between actual daily
outflow volumes, Q, and model outflow volumes, Va,

.[;2= .I! i (0 - (~)J2n i=l
(17.60)

where ..Je2 is root mean square error, n is the number of days for which
there are flow measurements, and the subscript i refers to days. The
search consists of minimizing this error for each parameter, selected in
rotation, until convergence in all parameters to two or three significant
figures is achieved. This procedure is implemented in FORTRAN 95 for
(IBM compatible) personal computers, suitable for use under either
MSDOS or Windows (95, 98, NT, or 2000). The software can also be
modified to maximize sample correlation between actual and model
daily flow volumes.
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(17.61)

where pis sample correlation, g is sample mean actual daily flow, and
~ is sample mean model daily outflow volume.

Appendices D - F on the book's companion compact disc for this
chapter contain programs and example application information for two
versions of the calibration software (DOS and Windows). (Again, all
material in the appendices is available on the WorId Wide Web at
http://www.glerl.noaa.gov/wr/lbrmexamples.html.) Appendix D, in
conjunction with the files in Appendix A, provide complete source
code, as well as executable files, for calibration of the Large Basin

RunoffModelugingdailyhydrometeorologicaldata.AppendixE
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contains an example set of additional input files (beginning model
parameters and measured runoff) for each of the Lake Superior
watersheds (see Fig. 17.4) and an example input filename list; the
remaining required input files (meteorological data and boundary
conditions) are present in Appendix B. Appendix F (subdirectory "DOS
Calibrations") contains the corresponding ending parameter files and a
log of the calibration searches, obtained through use of the DOS
calibration program, DOScalib.EXE. Appendix F (subdirectory "WIN
Calibrations") contains the corresponding ending parameter files,
obtained through use of the Windows calibration program,
WINcalib.EXE. (Note that all of these parameter files are not
necessarily the same as those used in Appendix B for the example in
Appendix C. This is because the Appendix F results were obtained by
uninterrupted running of the calibration programs, while the parameter
files of Appendix B were derived through additional experimentation.)

The model parameters are fully documented in the example files,
(see, e.g., PARAM01.SUP), contained in Appendix E. The user must
sup~ly starting values as shown there. Note that the watershed area
(km ), mid-monthly daily surface insolation for each month (langleys),
the linear coefficients relating the ratio of cloudy insolation/cloudless
insolation to "cloud cover," and upper soil zone capacity must be
entered for the watershed in question. The nine parameters and their
limits are set to their initial values to begin the search (calibration) and
the constant ("Cons") is set to zero. Finally, the last entry in file
PARAMOI.SUP in Appendix E (representing the starting parameter
number to be used in the calibration) should be set to 1,2, or 3 (to force
the recomputation of "Cons" immediately); the recommended setting is
"3" to allow the calibration to consider parameters 3 through 9 before it
considers parameters 1 and 2.

To calibrate, place five of the files from Appendices Band E (e.g.,
CLMASC01.SUP and BNDCNDXX.SUP from Appendix B, and
PARAM01.SUP, LBRM.CFG, and SUP01.CM from Appendix E) and
either the DOS-executable or Windows-executable files of Appendix D
into an application directory together. Execute the calibration code. It
first opens and reads the file, "LBRM.CFG," which must name all of the
files appropriately, to input the filenames it is to use for its input and
output files. (These filenames can include pathnames if the files are not
in the same directory as the calibration program.) Then it reads the data,
boundary/initial conditions, actual flow, and initial parameters files and
begins calibrating. Each line printed on the monitor (under DOS) should
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agree with those contained in file CALIBRATION.LOG and upon
completion, the program will write a line to the file CALIBLOG.TXT;
both of which are found in the Appendix F subdirectory "DOS
Calibrations." The final version of the parameter file (PARAM01.SUP)
should also agree with the Appendix F subdirectory "DOS
Calibrations." Final versions of the parameter files, produced with the
Windows version of the calibration, should agree with the Appendix F
subdirectory "WIN Calibrations."

17.6.2. Parameter Interpretations

The example model parameters of Appendix B are presented in Table
17.2 for the Lake Superior watersheds and for the entire land basin.
Inspection of Table 17.2 suggests some interesting parameter
interpretations. The value of Tb (the scaling parameter for air
temperature used in the computation of heat available for
evapotranspiration) is relatively large for watersheds 2 - 5, 7, 10 - 15,
17, and 18, indicating that for these watersheds evapotranspiration is
relatively insensitive to air temperature as modeled here. It is difficult to
discern the reason, as clear evidence is not available since there are
regulated flows in these basins. The melt factors in column 3 of Table
17.2 are very near expected (0.2 - 0.3 ern °d-1) with slightly higher
values on watersheds 12, 13, 14, and 19. Watersheds 12, 13, and 14 are
east of Lake Superior and subject to the lake effect with warmer, more
humid air passing over them than other watersheds. When humidity is
high, the air can carry more heat at the same air temperature than when
it is low, and hence, more snowmelt per degree-day can be expected
from watersheds 12, 13, and 14. Watershed 19 contains large Lake
Nipigon and water flows are highly regulated, obscuring physical
interpretation.

Table 17.3 provides some of the statistics of the calibrations.
Inspection of the linear reservoir and evapotranspiration coefficients in
Table 17.2 and the statistics in Table 17.3 suggests that some Lake
Superior watersheds could be modeled more simply, i.e., with fewer
storage tanks. For example, column 4 in Table 17.2 shows that
watersheds 8, 13, 14, and 15 have relatively large percolation
coefficients, indicating water passes quickly through the upper soil zone
and storage there is small. Likewise, column 11 in Table 17.3 shows
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Table 17.2. Lake Superior watersheds model parameters3.

3The heat constant is derived from the other parameters via Eq. (17.56). The
upper soil zone capacity is arbitrarily set at 2 cm. Scientific notation is used
with a 3-digit mantissa and a l-digit exponent.

bLumped application wherein all Lake Superior land area is treated as one
watershed.
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No. Tb a ap /3u a; ad /3_ ag as
°C cm °d-1 m-3 d-1 d-1 m-3 d-I d-I

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
I .205+1 .217+0 .421+0 .962-2 .419-2 .393-4 .780-6 .601+1 .800-1

2 .486+1 .214+0 .835+0 .304-7 .225-1 .900-7 .273-8 .100+1 .268+0

3 .560+1 .218+0 .142+1 .891-7 .268-1 .296-1 .228-7 .294-1 .284+0

4 .585+1 .239+0 .701+0 .791-7 .169-1 .699-6 .258-8 .100+1 .225+0

5 .559+1 .255+0 .128+1 .972-7 .101-1 .791-7 .822-9 .100+1 .281+0

6 .336+1 .282+0 .692+0 .194+1 .109-3 .348+0 .318+1 .390-1 .445+0

7 .492+1 .167+0 .475+0 .105-6 .171-5 .133-1 .255-8 .639+0 .153+0

8 .320+1 .207+0 .162+2 .167+2 .504-2 .714-1 .614+0 .101-2 .653+0

10 .415+1 .241+0 .368+0 .787-7 .930-4 .159-1 .911+0 .371+3 .671-1

12 .878+1 .304+0 .115+1 .541-7 .151-4 .275-1 .929-9 .800+3 .183+0

13 .671+1 .376+0 .902+9 .710-2 .500-2 .405-2 .373-9 .367-2 .170+1

14 .637+1 .338+0 .201+2 .212-7 .780-2 .608-2 .379-9 .294-2 .153+0

15 .755+1 .214+0 .100+3 .281-5 .251-1 .458-2 .279-9 .690+3 .122+0

16 .172+1 .210+0 .344+0 .157+3 .382-6 .230-2 .749+1 .108+0 .715-1

17 .423+1 .180+0 .422+0 .212-7 .485-2 .701-2 .118-8 .911+4 .778-1

18 .515+1 .159+0 .406+0 .577-7 .400-6 .242-1 .179-8 .900+3 .152+0

19 .995+0 .368+1 .162+0 .802-3 .267-3 .293-3 .941+1 .381-2 .227-2

20 .330+1 .166+0 .443+0 .561-7 .399-2 .633-7 .486-7 .800-1 .342-1

21 .283+1 .229+0 .465+1 .672-8 .337-2 .178-2 .320-9 .515-2 .108+0

22 .353+1 .149+0 .429+0 .377-7 .698-4 .912-1 .760-6 .373-1 .146+0

Lb .153+1 .266+0 .220+1 .965-1 .270-2 .935-2 .591-7 .286-2 .790-1
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Table 17.3. Lake Superior Watershed Calibrated Model Statistics.

aScientifie notation is used for average storages with a 3-digit mantIssa ana.a
I-digit exponent.

bLumped application wherein all Lake Superior land area is treated as one
watershed.

relatively little average storage in this zone for these watersheds;
column 5 in Table 17.3 also reflects this small storage with very little
surface runoff for these watersheds.

The lower soil zone is a little different. Column 7 in Table 17.2
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No. Ratio of Averages Average Storages
a

p
V 11 S U L G

-L
Q

em em em em em

0) (2) (3) (4) (5) (6) (7) (8) (9) (0) (11) (2) (3)
1 .82 .048 .98 .25 .10 .00 .40 .24 .880+0 .164+0 .475+1 .311-4
2 .78 .085 .98 .24 .20 .00 .30 .25 .375+0 .117+0 .206+1 .186-6
3 .83 .071 .97 .19 .10 .11 .32 .29 .330+0 .799-1 .848+0 .853+0
4 .86 .081 1.0 .26 .18 .00 .36 .20 .495+0 .135+0 .272+1 .190-5
5 .82 .067 .96 .19 .22 .00 .37 .23 .340+0 .812-1 .506+1 .400-6
6 .83 .140 .94 .27 .00 .32 .32 .09 .303+0 .134+0 .210+0 .185+1
7 .83 .072 .96 .28 .00 .19 .36 .17 .720+0 .173+0 .326+1 .678-1
8 .49 .059 1.0 .03 .03 .39 .29 .23 .163+0 .962-2 .134+1 .911+2

10 .91 .047 .95 .35 .00 .11 .24 .30 .157+1 .250+0 .152+1 .648-4
12 .88 .101 1.0 .25 .00 .26 .33 .17 .817+0 .108+0 .278+1 .954-4
13 .42 .079 .98 .00 .25 .20 .00 .54 .733-1 .304-9 .138+2 .152+2
14 .66 .054 .98 .04 .24 .18 .06 .48 .761+0 .114-1 .771+1 .159+2
15 .87 .051 .99 .01 .37 .07 .39 .17 .851+0 .143-2 .346+1 .230-4
16 .88 .063 1.0 .39 .00 .08 .22 .32 .149+1 .261+0 .768+1 .163+0
17 .88 .057 1.0 .33 .07 .10 .30 .20 .143+1 .194+0 .312+1 .240-5
18 .86 .080 1.0 .32 .00 .23 .33 .12 .801+0 .188+0 .209+1 .562-4
19 .33 .036 1.0 .56 .02 .02 .05 .35 .549+2 .498+0 .155+2 .117+1
20 .89 .034 1.0 .31 .07 .00 .28 .34 .225+1 .190+0 .340+1 .269-5
21 .71 .042 1.0 .11 .19 .10 .06 .54 .762+0 .364-1 .118+2 .405+1
22 .88 .060 1.0 .28 .00 .17 .33 .22 .611+0 .182+0 .364+0 .887+0

Lb .84 .033 1.0 .13 .08 .27 .27 .25 .137+1 .619-1 .659+1 .214+2
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water does not pass as quickly through the lower soil zone as it does in
some cases for the upper soil zone. This is also reflected in column 12
of Table 17.3, which shows significantly greater than zero average
storage in the lower soil zones for all watersheds. On the other hand,
interflow from the lower soil zone to the surface storage tank does vary
from watershed to watershed. Calibrations for watersheds 6, 7, 10, 12,
16, 18, and 22 show the interflow coefficient is relatively very small in
column 6 of Table 17.2, indicating that effectively no interflow is
modeled for these watersheds. This is also reflected in column 6 of
Table 17.3, which also shows almost no interflow occurs for these
watersheds.

The groundwater zone can be interpreted similarly. First, to look at
examples of very little groundwater storage, column 9 of Table 17.2
shows relatively large groundwater coefficients for watersheds I, 2, 4,
5, 10, 12, 15, 17, and 18. Column 13 of Table 17.3 shows the
corresponding low average groundwater storage for these watersheds, as
well as watershed 20. But Table 17.2 does not show a relatively large
groundwater coefficient for watershed 20; however, it does show the
smallest deep percolation coefficient of any watershed. This implies
very little water enters the groundwater zone (is stored in the
groundwater zone) in the first place, so that the groundwater coefficient
has little meaning. (This is also true for watersheds 2, 4, 5, and, to a
lesser extent, I, also with very small deep percolation coefficients)
Second, to look at small groundwater flows, inspection of column 7 in
Table 17.3 reveals that watersheds I, 2, 4, 5, 19, and 20 all have
relatively very small groundwater flow from storage into the surface
storage. Watersheds I, 2, 4, 5, and 20 are easily understood, as those
watersheds have almost no water entering the groundwater storage in
the first place (have relatively very small deep percolation coefficients).
Third, to look at examples of relatively large groundwater storage,
column 9 in Table 17.2 shows the smallest groundwater coefficients for
watersheds 8, 13, 14, and 21, and column 13 in Table 17.3 shows
correspondingly large relative average groundwater storages.

Further interpreting the large groundwater storage for watersheds 8,
13, 14, and 21 is really unnecessary here as those watershed
groundwater storages are not excessive. However, sometimes very large
groundwater storages may result from parameter calibration when in
fact large storages are not expected from inspection of the hydrology.
An example can be seen in the parameter file for watershed 21 in
Appendix F, subdirectory "DOS Calibrations" (PARAM21.SUP). There
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the groundwater coefficient is 0.200e-4 d-1, which would imply very
large average groundwater storage with water being stored in the
groundwater zone over the long term. This could be a numerical
compensation for insufficient modeling ability with regard to
evapotranspiration or deep (interbasin) groundwater flow for such
watersheds. Water that should have been removed from the watershed
by evapotranspiration or interbasin groundwater flow, but was not, is
being stored so it does not appear eventually in the watershed outflow.
Or, this could be a result of flow measurement inconsistencies.
Inspection of the flow records for watershed 21 reveal changes in flow
variability that probably correspond to changes in the flow gage
network. Or, this could be a result of actual groundwater storage
behavior. Inspection of the flow records for watershed 14 reveal a
slightly (but slowly) increasing trend in measured flows that is
duplicated in the model. Normally, one does not expect much
groundwater storage on the watersheds surrounding Lake Superior, as
those basins rest on the Canadian shield with only shallow soil depths
upon bedrock. Observations such as these are the basis for continued
parameter calibration experimentation and point out the need for the
modeler to interpret the results carefully. The parameter calibration
procedure does not give unique results, and alternative starting values
yield different final values for the parameter sets. This was the case here
and continued experimentation was used to find the parameter sets of
Appendix B after those of Appendix F were first derived.

The surface storages on all watersheds behave much more uniformly
than the other storages. As can be seen in column 10 of Table 17.2 and
column 10 of Table 17.3, relatively small coefficients correspond to
relatively large average storages and vice-versa. The largest surface
coefficient and the correspondingly smallest average surface storage on
any of the watersheds occurs in watershed 13, which can be seen in Fig.
17.4 to be the narrowest watershed draining into Lake Superior. The
smallest surface coefficient and the correspondingly largest average
surface storage on any of the watersheds occurs in watershed 19. It is
interesting to note that the presence of Lake Nipigon, a large lake, in
watershed 19 corresponds to this largest surface storage in all of the
watershed model applications. Finally, evapotranspiration appears to
come predominantly from the upper soil zone on most watersheds;
exceptions shown in columns 8 and 9 in Table 17.3 occur for
watersheds 10, 13, 14, 16, 19,20, and 21.
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The root-mean-square-error and correlation for these model
applications allow comparison between "natural" watersheds (where
there is little or no man-made flow regulations, diversions, or other
changes to the natural flows) and "non-natural" watersheds (where there
is). The model performs noticeably better for a watershed with only
natural flow since diversions and regulations of flows are not
represented in the model. Flows from watershed 10 are unaffected by
man and it yields the best model correlation among all watersheds,
while still maintaining a small root-mean-square-error. In contrast,
goodness-of-fit values are not as good for watersheds 8 and 19. Flow
regulations in watershed 8 result in frequent changes of outflow
amounting to over two orders of magnitude in a single day; this
prohibits effective calibration. The Ogoki diversion and regulation of
outflow from Lake Nipigon for hydropower purposes both affect
watershed 19.

Table 17.4 contains storage half-lives for the lumped-parameter
application to the entire Lake Superior basin (land portion treated as one
watershed), indicated as the last row in Tables 17.2 and 17.3 labeled

Table 17.4. Lake Superior lumped-application half-lives.

3Uncorrected for evapotranspiration.

"L." The half-lives in Table 17.4 were computed similarly to Eq.
(17.12) but using the sum of all linear reservoir coefficients for a storage
zone, and are uncorrected for evapotranspiration; see Croley and
Hartmann (1983). The surface zone storage half-life is larger than that
of the entire Lake Ontario basin (Croley and Hartmann, 1983) and may
reflect the boggy, swampy nature of much of the Lake Superior basin.
The groundwater zone storage half-life for Lake Superior is almost an
order of magnitude less than the groundwater zone storage half-life for
Lake Ontario, and may reflect the presence of the Precambrian shield
under much of the Lake Superior basin. The upper soil zone storage
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half-life is smaller than that for the Lake Ontario basin, while the lower
soil zone half-life is about the same. This may imply that, for the Lake
Superior basin, a single soil zone may be adequate to model the basin
response. This is also consistent with the general structure of the Lake
Superior basin -a thin layer of soil over bedrock.

Spatial integration effects tend to cancel model errors for small areas
when the areas are added together; the entire-basin (lumped) model
performs better than individual watershed models; see Table 17.3 root-
mean-square-errors. Likewise, a "distributed" application may be
constructed by summing the outputs from all of the watershed models
spatially; the correlation and root-mean-square-error with actual flows
are, respectively, 0.88 and 0.029 cm. This is even better than the lumped
model. The distributed model shows better correlation and root-mean-
square-error than the lumped model, undoubtedly because of the use of
more information for the distributed application, which is then lost in
the spatial integration of data by the lumped model.

Figure 17.7 graphically represents the storage states within the total
Lake Superior watershed; it is obtained by aggregating end-of-week
storages of the 20 constituent watershed models. During winter all
precipitation accumulates in the snow pack and there is no net supply to
the upper soil zone. Peak snow pack accumulations generally occur in
March and agree with snow pack characteristics observed by Phillips
and McCulloch (1972). As melt occurs in early spring, the snow pack
drops quickly. The rate of disappearance of the snow pack given by the
model is supported by observations by Price et al. (1976). They
measured loss of water from sub-arctic snow packs up to 5.9 cm d-1
from densely wooded north-facing slopes. They also observed the melt
season typically lasts from 7 to 27 days, depending on site
characteristics and snow pack depth. The model is judged to have good
snow melt timing; however, comparison with remotely-sensed snow
water equivalents suggests model deficiencies regarding snow pack
volumes.

As the snow pack melts quickly, the upper soil zone experiences
large peaks in the net supply rate. Throughout the summer the net
supply rate to the upper soil zone is strictly precipitation. Figure 17.7
also shows the modeled upper soil zone storage for the Lake Superior
basin; it is typically very small since the upper soil zone is modeled to
be very "flashy." Variations in the upper soil zone storage correspond
directly to the net supply rate.
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Peaks in the lower soil zone storage also correspond directly to the
net supply rate peaks (not shown) since almost all the water percolates
immediately through the upper soil zone. Clear recessions in the lower
soil zone moisture are evident in winter when there is no net supply.
The peak lower soil zone moisture results from the large spring snow
melt influx. During summer, when evapotranspiration losses are highest,
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Fig. 17.7..Weekly Lake Superior Basiu Moisture Storages.

the lower soil zone moisture is quickly depleted. Evapotranspiration
demands become significant in May when trees and other vegetation
begin to leaf out; with subsequent higher temperatures in June or July,
all moisture in the lower soil zone can be removed by
evapotranspiration. The continued high temperatures during the
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remainder of the summer prohibit any recovery of soil moisture levels in
the lower zone. Instances where the lower soil zone moisture remains
relatively high throughout June are cool springs or late summers. In
autumn, as average daily air temperatures decrease and plants cease
production, the demands on the lower soil zone from evapotranspiration
also fall and the water volume begins to rebuild.

Figure 17.7 also depicts modeled groundwater storage. Groundwater
zone moisture is seen to be less variable and slower in response to net
supply rate than the overlying storages. Groundwater peaks and
recessions lag the influx variations; this is typical of groundwater.
Evapotranspiration from the overlying lower soil zone precludes deep
percolation, so the groundwater storage shows a clear recession in
summer. Likewise, as evapotranspiration losses from the lower soil zone
decline in autumn, the groundwater storage shows a slight recover
before winter.

Finally, Fig. 17.7 shows the modeled surface zone storage. Flows to
the surface zone are composed of surface runoff, interflow, and
groundwater flow from the upper soil zone, lower soil zone, and
groundwater zone, respectively. Because the surface storage contains
flows from all the other storages, lags in peak volumes are seen to be
intermediate between the near-instantaneous upper and lower soil zones
and the slower groundwater zone.

17.7. CALIBRATION PROBLEMS

Individual parameter values may reflect only local optimums in the
calibration objective function (minimization of root-mean-square error
of model outflows). The physical relevance of the linear reservoir and
evapotranspiration parameters permits' verification as empirical
techniques are developed. Admittedly, errors in individual parameters
may compensate for one another in the calibration because of the
synergistic relationship among all parameters.

17.7.1. Non-Uniqueness

Studies on the Lake Ontario Basin (Croley, 1982a, 1983b) show that the
simple search algorithm described herein does not give unique

iJl~Wrrvr ~ftli~r~\v~rQm~l~r sels because of Ter~isliC
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relationships between parameters. However, the calibration procedure
does show a high degree of repeatability for recalibrations with different
starting values, and consistent parameter values are obtained for
watersheds with similar hydrologic characteristics. The non-uniqueness
of the calibrated parameter sets obtained for Lake Superior applications
was determined following Sooroshian and Gupta (1983). The hypothesis
was that, if parameter sets are unique, then parameter values produced
from calibration of a synthetic data set should be identical to the
parameter set used to create that synthetic data set. The model was first
calibrated to the lumped data set (identified as "L" in Tables 17.1, 17.2,
and 17.3). The model was then used with these calibrated parameters to
generate outflows for a new calibration. Subsequent calibration started
with a very different initial parameter set and yielded a different
optimum parameter set with a relatively poor goodness-of-fit,
illustrating the non-uniqueness of the parameters, the importance of the
starting values used in the search, and the problems inherent in
searching the parameter space.

17.7.2. Realism

Sooroshian and Gupta (1983) have identified three causes of problems
in determining unique and realistic parameter values through
calibration: 1) model structure representation, 2) data and their
associated measurement errors, and 3) imperfect representation of the
real world physical processes by the model. Model structures that
include threshold parameters may require search algorithms unable to
find the "true" optimum; hence, the calibration may fail to find the
'''true'' optimum for other parameters. The runoff model described
herein contains no threshold parameters.

Errors associated with the measurement of input data (e.g.,
precipitation, air temperature, insolation, streamflow) will reduce the
quality of parameter estimation unless those errors can be filtered out.
Also, if the data set used to calibrate the parameters does not adequately
represent the entire range of possible events, some model storages or
processes may be activated too infrequently for a meaningful parameter
determination. However, use of more data may not be the best solution;
Sooroshian et al. (1983) show that use of long calibration data sets is not
as important as the use of data sets with adequate hydrologic variability.
They suggest that the use of "wet years" is more likely to sufficiently
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activate all parameters so that realistic parameter values are obtained.
Sooroshian (1983) also cautions that, when excessively long data sets
are used for calibration, data "noise" interpreted as valid information
may result in "over-fitting" of the model.

Rainfall-runoff models certainly are simplifications of actual
hydrologic processes. Time-invariant parameters, such as snow albedo
(used in application of the model to the Lake Ontario basin), are
unlikely to represent reality. The parameters most likely to portray
watershed response could actually vary seasonally or trend with time
because of physical changes in the watershed, such as deforestation or
urbanization. Also, lumping of spatially distributed data to represent the
entire watershed can adversely affect parameter optimization. On the
other hand, spatial filtering can imply that data or model errors for small
areas cancel each other out as the areas are added together; this was
apparent in the application of the model to both the Lake Ontario Basin
(Croley and Hartmann, 1983) and the Lake Superior Basin here.
Additionally, some components in a conceptual model are more likely
to adequately represent their processes in the real world than others.
Sooroshian and Gupta (1983) suggest that parameter estimation
techniques that properly weight the more accurate parts of the model
could improve parameter estimates.

17.7.3. Objective and Convergence

Sooroshian (1983) reviews additional questions concerning calibration
of rainfall-runoff models, including choice of an appropriate objective
function and convergence criteria. Sooroshian et al. (1983) assert that
statistical measures other than root-mean-square error can result in more
realistic parameter values and improved forecast performance even
though the root-mean-square error criteria may provide a better fit to the
calibration data. Also, parameters should be allowed to stabilize rather
than depending solely on the convergence of the objective function
value (e.g.. root-mean-square error) because parameter values may still
change considerably. Parameter stabilization to three significant digits
was used, in all Large Basin Runoff Model calibrations in lieu of
convergence criteria on the objective function.
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17.8. MODEL VALIDITY AND APPLICABILITY

17.8.1. Evaluation

The LBRM, calibrated earlier to 1965-82 data, was used in forecasts of
Lake Superior water levels (Croley and Hartmann, 1987), and
comparisons with climatic outlooks showed the model was very close to
actual runoff (monthly correlations of water supply were on the order of
0.99) for the period August 1982 - December 1984 which is outside of
and wetter than that calibration period (Croley and Hartmann, 1986).
The model also was used to simulate flows for the time period 1956-63,
outside of the period of calibration, for all of the Great Lakes. The
correlations of monthly flow volumes between the model and observed
during this verification period are contained in Table 17.5. They are a
little lower than the calibration correlations but quite good except for
Lakes Superior and Huron (there were less than two thirds as many flow
gages available for 1956-63 as for the calibration period for these
basins).

Table 17.5. Large Basin Runoff Model Calibration Statistics3.

aStatistics and calibrations are 1966-83; verification is 1956-63.

bEquivalent depth over the land portion of the basin for monthly flows,
expressed as daily statistics.

CMonthly correlations.
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Lake No. Flow Flow Root CorrelationC
Water- Mean Std. Mean Calib. Verif.
sheds (mm)b Dev. Square

(mm)b Error
(mm)b

(1) (2) (3) (4) (5) (6) (7)
Superior 22 1.12 0.67 0.25 0.93 0.77

Michigan 29 0.89 0.47 0.18 0.93 0.86

Huron 27 1.06 0.69 0.26 0.92 0.69

St. Clair 7 0.90 1.36 0.62 0.89 0.87

Erie 21 1.01 1.28 0.54 0.91 0.90

Ontario 15 1.41 1.13 0.43 0.93 0.89
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17.8.2. Comparison

Croley et a1. (1996, 1998) used GLERL's LBRM to study alternative
climate simulations. Although GLERL uses a daily resolution of data
with their models, basin-wide processes of runoff, over-lake
precipitation, and lake evaporation respond discernibly to weekly
changes at best, and monthly was adequate for net supply and lake level
simulation (Croley et aI., 1996); this ignores short-term fluctuations
associated with storm movement. Likewise, spatial resolution finer than
about 1000-5000 km2 (the present average resolution of GLERL's
models and their applications) is unnecessary, for use with general
circulation models (GCMs) of the atmosphere, and much can be done in
assessing hydrology changes at resolutions of 100,000 - 1,000,000 km2
with lumped versions of the models. This coarse spatial resolution is
still much finer than present GCM grids.

The models were assessed partially by computing net basin supplies
to the lakes (basin runoff plus overlake precipitation minus overlake
evaporation) with historical meteorological data for 1951-80 and
comparing to historical net basin supplies. The absolute average annual
difference ranged from 1.6% to 2.7% on the deep lakes, while the Lake
St. Clair and Lake Erie applications were 12.0% and 7.0% respectively;
month-to-month differences showed more variation. These differences
generally reflect poorer evaporation modeling on the shallow lakes and
snowmelt and evapotranspiration model discrepancies for the other lake
basins. While monthly differences were generally small, a few were
significant. The low annual residuals were felt to be acceptable for use
of these models in assessing changes from the current climate as they
would be consistently applied to both a "present" and a "changed"
climate. Further assessment of model deficiencies with comparisons to
historical net basin supplies is difficult since the latter are derived from
water budgets which incorporate all budget term errors in the derived
net basin supplies.

There is some indication of model applicability outside of the time
periods over which the models were calibrated as indicated above and in
Table 17.5. To assess the applicability of the process models to a
climate warmer than the one under which they were calibrated and
verified requires access to meteorological data and process outputs for
the warmer climate, which unfortunately do not exist. Warm periods

m ~ .~ 1~li ~~~~ ~~ ~~I i~~~. ~~I~ ~~~I~~I~~ f~f I~~ ~~~I
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Lakes. In particular, data are lacking on watershed runoff to the lakes,
water surface temperatures, wind speed, humidity, cloud cover, and
solar insolation.

It is entirely possible that the models are tied somewhat to the
present climate; empiricism is employed in the evapotranspiration
component of the LBRM. Coefficients were determined or selected in
accordance with the present climate. The models are all based on
physical concepts that should be good under any climate; however, the
assumption is made that they represent processes under a changed
climate that are the same as the present ones. These include linear
reservoir moisture storages, partial-area infiltration, lake heat-storage
relations with surface temperature, and gray-body radiation. However,
the calibration and verification periods for the component process
models include a range of air temperatures, precipitation, and other
meteorological variables that encompass much of the changes in these
variables predicted for a changed climate. Even though the changes are
transitory in the calibration and verification period data sets, the models
appear to work well under these conditions.

SUMMARY

The Large Basin Runoff Model developed at GLERL is an accurate, fast
model of weekly or monthly (derived from daily) runoff volumes from
the Lake Superior watershed; it has relatively simple calibration and
data requirements. Parameters have physical significance and calibrated
values obtained from parameter optimizations appear reasonable.
Distributed and lumped applications to the Lake Superior Basin
illustrate spatial integration effects on model resolution and filtering of
both information and data errors consequent with these applications.
The distributed-parameter application is marginally better than the
lumped-parameter application. The lumped application to the entire
Lake Superior Basin yielded a correlation of 0.84 and the distributed
application yielded a correlation of 0.88. Applications of the model to
watersheds about Lake Superior show good-to-exceptional agreement
with available flow data where flows are natural and unregulated;
applications to watersheds with regulated flows varied from poor to
good.
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Continued investigation into parameter calibration appears
warranted for determining minimum data set length requirements, the
importance of hydrologic variability within the calibration data set,
parameter interactions, and use of different calibration objective
functions and convergence criteria. The goal should be to obtain unique
parameter sets while retaining their realism. Also, continued model
improvement is appropriate, especially concerning snow melt runoff
volumes. However, it is unlikely that any model modifications will be
able to adequately simulate the extreme variability because of regulation
of flows.

The model has potential for use in predictive studies since basin
storages are represented directly. Predictions are limited by available
meteorological information, but forecasting is practical if near real-time
data are available. Since requisite data are limited to precipitation and
air temperature, these requirements are met on a continuing basis for
many areas of the Great Lakes Basin and other areas of the country.
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NOTATIONS

A area ofthe watershed (m2)

Aw area of wetted contributing watershed portion (m2)

a proportionality constant for snowmelt (m30e-I d-I)

q empirical constant

l2 empirical constant

C capacity of the upper soil zone (m3)

Eg daily evapotranspiration groundwater zone volume (m3)

Ee daily evapotranspiration lower soil zone volume (m3)

E.r daily evapotranspiration surface volume (m3)

Ey daily evapotranspiration upper soil zone volume (m3)

e evaporation or evapotranspiration rate (m3d-I)

ep rate of evaporation or evapotranspiration still possible (m3d-l)
./ infiltration rate (m3d-I)

G content of groundwater zone (m3)

H nonlatent heat released to the atmosphere (cal)

h degree-days per day COe-1d d-I)

k units and proportionality constant (cal)

L moisture content oflower soil zone (m3)

Z average daily lower soil zone moisture content (m3)

m daily snowmelt rate (m3d-I)

mp daily potential snowmelt rate (m3d-I)

f W~I~r~~m~m ~rm~ ~n~w ~~~[ (m3)
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p precipitation rate (m3d-I)

r surface runoff rate (m3d-I)

S content of surface storage zone (m3)

s daily net supply rate to the watershed surface (m3d-I)

T air temperature eC)

7; a base scaling temperature eC)

~ax maximumdailyair temperatureeC)

Tmin minimum daily air temperature eC)

t time (d)

U moisture content of upper soil zone (m3)

U average daily upper soil zone moisture content (m3)

F;; daily deep percolation volume (m3)

If daily infiltration volume (m3)

P; daily groundwater flow volume (m3)

~ daily interflow volume (m3)

~ daily basin outflow volume (m3)

~ daily percolation volume (m3)

v,. daily surface runoff volume (m3)

v.r daily net supply volume (m3)

x ratio of hours of bright sunshine to maximum possible

Z volume of water in storage (m3)

z outflow rate from a storage (m3d-I)

a linear reservoir coefficient (d-I)

ad deep percolation coefficient (d-I)

ag groundwater coefficient (d-I)

a i interflow coefficient (d-I)

a p percolation coefficient (d-I)
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as surface outflow coefficient (d-I)

~ partial linear reservoir coefficient (m-3)

~g groundwater zone evapotranspiration coefficient (= 0) (m-3)

~£ lower zone evapotranspiration coefficient (= 0) (m-3)

~s surface zone evapotranspiration coefficient (m-3)

~y upper zone evapotranspiration coefficient (m-3)

'Y.I latent heat of fusion (cal g-I)

'Yv latentheatof vaporization(calg-I)

pw density of water (g m-3)

cr daily solar insolation at the watershed surface (cal d-I)

't daily extra-terrestrial solar radiation (langleys d-I)

'¥ total heat available for evapotranspiration during the day (cal)
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